ABSTRACT. We calculate a large difference in the band alignments for transition metal dichalcogenide (TMD) heterojunctions when arranged in the stacked layer or lateral (in-plane) geometries, using direct supercell calculations. The stacked case follows the unpinned limit of the electron affinity rule, whereas the lateral geometry follows the strongly pinned limit of alignment of charge neutrality levels. TMDs therefore provide one of the few clear tests of band alignment models, whereas three-dimensional semiconductors give less stringent tests because of accidental chemical trends in their properties.
potential in the vacuum layer acts as the vacuum reference energy. For the direct calculations of band offsets, we use supercells containing 1 or 6 layers of TMD, representing the monolayer and bulk case. Often, the lateral lattice constants have a reasonable lattice match. For (Sn,Zr,Hf)X 2 /(Mo,W)X 2 heterojunctions, the mismatch is ~15%. Here, a 33 matching arrangement is used, with one TMD lattice rotated by 30 0 with respect to the other, which then gives less than 3% lattice mismatch, Fig. 1 . If the mismatch is small (<4%), the lattices are strained laterally to an average of the two components. The 2% strain then gives a maximum 0.17 eV energy error, based on previous calculations [10] .
The calculations used the plane wave pseudopotential code CASTEP [25] with ultrasoft pseudo-potentials and plane wave cutoff of 400 eV, which converges total energies to <0.01 eV per atom. A 5x5x1 MP k-point mesh is used for geometry optimization. The residual force is below 0.02eV/Å. A 11x11x1 k-point mesh is used to calculate the density of states. Spin-orbit coupling is not included.
The lattice constants are relaxed with the PBE version of GGA. The Grimme [26] dispersion correction scheme corrects the DFT error of van der Waals bonding. The screened exchange (sX) hybrid functional [27] corrects the GGA band gap error. The amount of exact exchange and the screening length are kept fixed. This gives band gaps for the bulk in good agreement with experiment and GW [11] . For monolayers, the band gap is increased over the bulk value due to the absence of inter-layer dispersion. Additionally, the much lower screening creates large exciton binding energies [28] , which further opens up quasi-particle band gaps [29] [30] [31] . Now, in real monolayer devices, the monolayers are not suspended, the gate dielectric and electrodes provide some screening, so the devices are not fully isolated. The screening is greater, the exciton binding energy reduces, and the band gap declines towards the optical gap [29, 30] as given by sX. Tables 1,2 give the calculated values of band gap, ionization potential and electron affinity within the sX functional, for both the bulk and monolayer cases, respectively. It also includes the calculated charge neutrality level (CNL) energy, a reference level for any metal induced gap states. The CNL energy here is referred to the valence band maximum. Experimental values of minimum band gap and ionisation potential are included for comparison. Fig. 2 plots our calculated band edge energies with respect to the vacuum level to display chemical trends. For Mo and W compounds, our calculated values for monolayers are similar to those of Kang [7] , who used the HSE functional. Our average of IP and EA energies for monolayers follows the average GW values of Rasmussen [10] . For bulk TMDs, our sX gaps are similar to the GW values of Jiang [11] . For monolayers, the calculated sX band gaps are less than the GW gaps [10] [32] and Kreis [33] .
The conduction band offset (CBO) at a heterojunction can be expressed in terms of two limits [20, 34] . In the electron affinity rule, the CBO  n is given as the difference between the two EAs,
(1)
In the strongly pinned limit, the CBO is given as the difference between the conduction band energies referred to the CNLs (Φ S ) of semiconductor a or b,
For the general case, the CBOs vary with a pinning factor S between the unpinned limit (S=1) of the EA rule, and the pinned limit (S=0), as in Schottky barrier theory [20, 34, 35] ,
We calculated the band offsets for a number of critical heterojunctions by supercells and show the relevant partial density of states (PDOS) in Fig. 3 . The VBOs for the limits S=0 and S=1 derived from the Tables 1,2 and eqn (1,2), and the values calculated from supercells are compared in Table 3 and Fig 4. Figure 4 shows that the unpinned (EA) limit of S~1 describes well the offsets for stacked junctions. The valence band offsets vary over a wide range of 2.5 eV.
We now compare this with lateral heterojunctions. As there is lateral bonding, there must be lattice matching, as in 3D semiconductors. Various cases have been fabricated experimentally. The common anion case MoS 2 /WS 2 is most common because of lattice matching. However, the more important case is for different anions, such as MoS 2 /WSe 2 , with a small 3.7% mismatch. This is handled in our supercell calculations by laterally straining to an average in-plane lattice constant. 10 cells of each component are used in the supercell.The effect of strain is allowed for using deformation potentials. Fig. 5 compares the PDOSs for MoS 2 /WSe 2 heterojunctions for both the stacked and lateral cases, and the band offsets are summarised in Fig 5C. Clearly, there is a large difference in the VBO of 0.8 eV; the stacked case follows the unpinned S=1 limit while the lateral case follows the pinned S=0 limit, showing almost no valence band offset. The big difference arises because WSe 2 states lie higher than MoS 2 states, but their CNLs both lie relatively close to their midgaps [37] . Now compare this with 3D semiconductors. In principle, there should be no difficulty deciding which model works. Yu [21] suggested that these heterostructures favored the CNL model. On the other hand, in a wide ranging calculation for tetrahedral semiconductors, Hinumi [22] found that the EA model worked reasonably well, but also found that the EA model and CNL models gave rather similar answers. Hoffling [23] studied band line-ups for semiconductors and oxides, and found both models were reasonable.
The problem is this; those semiconductors whose band edges lie well below the vacuum level (such as ZnO) have CNLs which lies near or inside their conduction band. Semiconductors whose band edges lie high, close to the vacuum level, like Cu 2 O or NiO, have CNLs that lie low in their gap [36] . Thus the electron affinities and CNLs follow the same chemical trends when comparing across a wide range of semiconductors, so that there are few practical cases to separate the two limits. We see from Fig 4 that the MoS 2 /WSe 2 lateral heterojunction is a good test case to separate the cases, because each geometry must follow the different rules. Other pairs give the same result. We have checked the effect of strain on this conclusion. Fig 5(d,e) compares alignments for the zigzag and armchair configurations for lateral MoS 2 /WS 2 heterojunctions. There is little difference because the Mo-S bond is relatively nonpolar with only 0.3e charge on each S site [47] .
We now consider which heterojunctions are most useful for TFET applications. The simplest way to provide a narrow type II or type III alignment would be to use different anions, as in a MoS 2 /MoTe 2 heterojunction. This would leave a net 0.6 eV band gap between MoTe 2 VB and MoS 2 CB (Fig 2g) . However, the poor stability of tellurides in 2H and 1T phases argues against this choice. [38] (1.88 eV). Thus, the values for the bulk semiconductors are likely to be correct. On the other hand, the XPS value of VBO for MoSe 2 /HfSe 2 heterojunctions 0.13 eV is much less than our EA calculated value, 0.60 eV. The error is due to extrinsic effects in the CVD experiment, it was proposed that anion interstitial defects create a dipole layer which modifies the VBO [39] . This shows the need for careful control of chemical potential during growth.
We find that the much studied MoS 2 /WSe 2 heterojunction gives a type II alignment. Recently, the VBO of monolayer MoS 2 /WSe 2 heterojunction was measured by a combination of photoemission and scanning tunneling spectroscopy [40] to be 0.83 eV, which compares closely to our calculated value of 0.8 eV in Table 3 . Now, a number of groups have observed a notable interlayer photoluminescence in the MoS 2 / WSe 2 stacked heterojunction at 1.59 eV [40] [41] [42] . This involves a direct transition between electrons in the MoS 2 CB to holes in the WSe 2 VB, both at the K point [40] (Note as the CBs and VBs of each layer lie at different energies, the interlayer dispersion is less, by perturbation theory). A calculated PL energy from the sX band energies, assuming an EA band alignment, is 1.1 eV, much less than the observed value of 1.59 eV. Chiu [42] proposed to explain this using a VBO of 0.44 eV. However this contrasts with a measured photoemission VBO of 0.83 eV [40] , close to our calculated 0.8 eV. The problem can be resolved as follows, see Fig. 6 ; the isolated monolayers have very large exciton binding energies [29] [30] [31] , but that the exciton binding energy declines quickly with the layer number, even for just two layers of the stacked system. The exciton energy is roughly 1.1 eV in monolayer MoS 2 or WSe 2 , but only 0.4 eV in the bilayer [29, 30] . Thus the observed PL energy can be rationalized according to the schematic of Fig. 6 .
In summary, we calculated the band alignments of various transition metal and non-transition metal dichalcogenides using supercells, for both stacked and lateral heterojunctions. The band offsets for stacked layer junctions followed the electron affinity rule whereas offsets for lateral heterojunctions follow the strongly-pinned limit, giving a key test for models of band alignments. The results for stacked-layer heterojunctions provided the best choices for use of TMDs in tunnel-FETs. The observed inter-layer photoluminescence energy was rationalized in terms of the band offsets and the strong change in the exciton binding energy.
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